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1

METHOD OF ESTIMATING CHORDAL
HOLDUP VALUES OF GAS, OIL AND WATER

FOR TOMOGRAPHIC IMAGING OF A
THREE-PHASE FLOW THROUGH A
VOLUME

INTRODUCTION

The present invention relates to a three-phase X-ray
tomography system. The invention has been developed and
tested 1n a large diameter multiphase pipeline flow facility
(Well flow loop) at Institute for Energy Technology, Norway.
The X-ray system comprises two or more channels running
independently, each channel comprising an X-ray source, a
detector panel with a large number of pixels, and PC con-
trolled hardware. The detector panels are mounted perpen-
dicular to each other and are collimated to reduce “cross talk™
between the channels. To achieve a three-phase measure-
ment, a thin copper filter 1s placed on the top of one section of
cach detector to harden the X-ray beams so as to give two
different energy bands required for distinguishing oil and
water. The fast response of the system enables one to record
the flow at a sampling rate up to 300 frames per second, the
same rate as for a two-phase system. By using the X-ray
tomography system of the invention, one can obtain more
valuable information on three-phase gas-oil-water flows than
conventional techniques. Moreover, phase distributions 1n the
cross-section can be measured 1n better detail at high tempo-
ral and spatial resolution which will be helptul to validate
various flow models.

BACKGROUND ART AND PROBLEMS
RELATED THERETO

Multiphase pipeline flows occur widely 1n the petroleum
industry and in numerous chemical process plants. Of par-
ticular importance 1s the development of reliable models that
can simulate their complex tlow characteristics. A special
challenge during the transport of gas condensate and o1l well
streams 1n the petroleum industry 1s the prediction of phase
inventory and pressure loss 1n a long distance, large diameter
multiphase pipeline at large water depths. Accurate tlow mod-
¢ls are essential to safe and cost efficient design and operation
of field pipelines and topside downstream facilities.

Researches have been carried out for several decades in the
past to understand the interactions of phases and flow char-
acteristics. Different flow regimes were categorized to
describe the mterfacial macro- and meso-structures 1n two-
phase gas-liquid and three-phase gas-liquid-liquid flows.
Many experiments were conducted to study the tlow details 1n
cach tlow regime by using the state-of-art technologies, e.g.
gamma densitometer, hot-film anemometer, LDA, PIV/PTV,
ECT and X-ray computer tomograph. Information obtained
has further strengthened our knowledge and provided insights
to the local flow structures, such as turbulence, phase fraction
and drop size. However, compared to the large amount of
work 1n two-phase gas-liquid tlows, few data are available for
three-phase flows, and particularly for three-phase tflows in
large diameter pipes. Most of the few reported studies are
only focused on the bulk parameters, e.g. pressure drop, mean
holdups and flow regimes, based on the measurements with
dual-energy gamma densitometer, quick closing valve and
pressure transducers (see Sobocinski, 1955; Hall, 1992; Ack-
1goz et al., 1992; Pan, 1996; Wilkens, 1997; Morten et al.,
2002; Odozi1, 2000; Valle, 2000). Due to the lack of capable
instruments, detailed information 1n a three-phase system on
flow structure and phase distribution 1s even scarcer. Hu et al.

10

15

20

25

30

35

40

45

50

55

60

65

2

(20035) reported the use of an X-ray tomograph 1n gas-oil-
water tlows 1n a 3 mch (76 mm) pipe, a system pioneered at
imperial College London. Due to the lack of detectors with
suificient energy discrimination, the system resorts to moving,
filters to give alternating high and low energy exposures.
Despite its successiul application, the use of rotating filters
led to alow time resolution, with 5 Hz as maximum sampling
rate. The low temporal resolution has resulted 1n a loss of
synchronization of structure between the horizontal and ver-
tical measurements 1n fast flows, which brings difficulties in
accurately reconstructing the cross-sectional tomographs.

Recently, an X-ray computer tomography system has been
developed at Institute for Energy Technology which 1s based
on the system pioneered at Imperial College but designed and
manufactured with more up-to-date technologies, and which
forms a basis for the present invention. The system 1s essen-
tially a fast response two-phase system, giving a maximum
sampling rate of 300 Hz. Latest applications of this system
have shown versatile competence 1n measuring and visualiz-
ing complex multiphase flows (see Hu et al., 2009, 2010).
Using such system, important flow behaviour of gas, o1l and
water phases 1n stratified and slug flows can be captured with
a rather good accuracy.

The present invention improves the X-ray tomography
measurement capability for gas-oil-water three-phase tlows.
In what follows, the next section illustrates the components
and 1nstallation of the three-phase X-ray tomography system,
followed by the description of the data analysis algorithm
which may be used 1n the invention in the subsequent section.
Then the next subsequent section shows the typical results
that one can obtain using the present mnvention utilizing the
described X-ray tomography system.

The Three-Phase X-Ray Tomography System

The X-ray tomography system comprises two or more
generally identical channels, each channel comprising an
X-ray source, an X-ray camera and computer controlled hard-
ware, please see FIG. 1. The X-ray source has an anode-
grounded, metal-ceramic vacuum tube with disc-shaped o1l-
filled insulator (model MB70-6-B-450, InnospeXion). A
collimator 1s employed to provide a narrow X-ray beam. The
two sources are arranged 1n fixed positions, one at the top and
one horizontally relative to the enclosure, providing vertical
and horizontal projections through the test pipe section,
respectively, when the test pipe section i1s horizontally
arranged. The X-ray detectors are high-resolution, high-sen-
sitivity CdTe-CMOS linear arrays with an eflective pixel area
of 1500x36 pixels (150 mmx35.6 mm). The X-ray system 1s
accompanied by a computer with a soltware suite which
controls the data acquisition process, calibration of the detec-
tor arrays, data display, and storage of the results. The tomog-
raphy system 1s fitted in a lead shielding box with steel sleeves
on both sides for sate operation. This lead box and data
collection PC’s are built into a unit that 1s mounted on the IFE
Well Flow Loop, and follows the loop as 1t 1s inclined from
horizontal to vertical. In an embodiment the pipe test section
1s made of transparent PVC. The present embodiment of the
X-ray system and its working principles are to some extent
analogous to the one 1nstalled on the WASP flow rig at Impe-
rial College London, UK, (see Hu et al., 2005). However, the
present system does not use mechanical rotating sensor com-
ponents, and thus can achieve the same maximum sampling
frequency of 300 Hz for three-phase flows as for two-phase
flows. This fast response allows for detailed studies of flows
with rapidly changing structures, such as large wave and slug
flows.

To achieve a three-phase measurement, one may use
arrange a copper filter over a part of the camera (see FIG. 2).
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The copper filter absorbs (scatters) some of the X-rays,
changing the energy spectrum seen by the camera. Since the
lower energy (soft) X-rays are preferentially absorbed by the
copper, the spectrum 1s said to be “hardened”. The X-ray
absorption coellicients of the three working fluids o1l, water
and gas differ significantly in the low energy part of the
spectrum. O1l and water have more similar coetlicients 1n the
high energy part ol the spectrum. Thus, the high energy part of
the spectrum serves to distinguish gas and liquid, while the
difference between measurements in the high and low parts of
the energy spectrum allows us to distinguish o1l and water.
Other sensor designs may discriminate between the energy
levels of the incoming X-ray photons individually, and such
sensors arrays may alternatively be emploved.

During the design of an embodiment of the system, an
optimisation process has been carried out to study the opti-
mum filter thickness. Filters of different thicknesses 1n com-
bination with the variance of the X-ray energy were tested and
assessed for performance. It was found that for the current
system, the optimum solution 1s the use of 0.1 mm thickness
copper filter under the operation of the X-ray tube at 60 kV
and 4 pA. FIG. 2a 1llustrates the schematic diagram for the
use of a thin copper filter on the top of one section of Camera
1.

FIG. 2b shows a typical image produced by plotting a
single frame of 150 mm length and 5.6 mm width (please
notice the exaggerated width to length ratio) of the raw 1image
visualized by Camera 1 as captured when the test section 1s
filled with gas. To increase the total number of photons from
hard beams that hit the detector, the filtered region 1s designed
to cover %4 of the whole width (1.e. ~3.7 mm). After removing,
the noisy pixels near the filter edge, an effective width of 1.6
and 2.9 mm 1s used for soit and hard beams, respectively.

With the experimental sensor setup wherein 24 of the width
of the sensor cell array 1s filter covered and thus measures
“hard” X-rays and the adjacent %3 width of the sensor cell
array 1s not, and measures “soit (and hard)” X-rays, and the
length of the sensor array (here 150 mm) 1s transverse to the
general transport direction through the pipe section, 1t 1s
evident that the data measured from “hard” and “soft” beams
are spatially separated by a distance, averagely about 3 mm
apart in the axial direction. This places a lower bound on the
resolution of the system. For other sensor cell types than the
presently used, such as for a sensor by Interon, wherein the
same cell can discriminate X-ray energies of individual pho-
tons 1nto separate bins, this 1s not a problem. In practice with
the present setup using a copper filter, the signal represents a
time-average over a short time terval (typically 3-10 ms).
During this time, the fluids move a distance, where u 1s the
local velocity of the fluid, which we assume 1s generally axial.
For most of the flows we study, the velocity 1s 1n the range of
>(.5 m/s, so that the spatial separation has a smaller intfluence
on the results.

The present three-phase X-ray tomography system 1s
installed on the high pressure Well Flow Loop at IFE, Nor-
way. The rig comprises a 25 m long test section of 100 mm
inner diameter that can be inclined at desired inclination
angles, from O to £90 degrees, please see details given 1n Hu
et al., 2010. For higher inclination angles (>3 degree) a bend
can be imtroduced between the first 10 meters of the test
section and the rest, which can be inclined up to vertical.
Light o1l (Exxsol D80), tap water and high density gas (SF )
are used as test fluids. At the inlet to the test section the fluids
enter with the phases separated by horizontal plates to reduce
the influence of mlet geometry on downstream flows. At the
outlet end of the test section the flow enters a pre-separator
intended to generate an approximately constant liquid level
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4

and eliminate any suction effect when a slug passes into the
downhill return pipe. The current X-ray tomograph system 1s

located 2 m upstream of the pre-separator.

FIGURE CAPTIONS

The mvention 1s illustrated 1n the attached drawing Figures
wherein

FIG. 1 1s a simplified cross section and system overview of
the three-phase X-ray tomography system.

FIG. 2a 1s a schematic diagram of a cross section through
the source/collimator which radiates through the test section
pipe to the partly Cu-filter covered X-ray sensor array’s Cross-
section, here 5.6 mm. FIG. 2b 1s an 1mage captured by the
sensor array of 150 mm length across the pipe and 5.6 mm
width, when the pipe section 1s gas-filled. The unfiltered
“soft” sensor region (not covered by the Cu-filter) 1s shown to
the left, and the filtered “hard” sensor region due to the
Cu-filter 1s shown to the right. Note the compressed length
ratio.

FIGS. 3aq, b, and ¢, respectively, show calibration diagrams
for gas, o1l, and water, respectively. The lower curves 1n each
diagram show signals from “hard” sensor portions, the upper
curves show signals from “soft” sensor portions.

FIG. 4 shows top projection and side projection of chordal
holdups of each phase, shown 1n green for gas, red for oi1l, and
blue for water, which 1s easiest discriminated visually in the
lower part of the figure. The time history plot (projection
views) of three-phase slug tlows are visualized by the two
X-ray cameras, top view Irom camera 1 and side view from
camera 2.

FIG. 5 shows the time traces for the average cross-sectional
holdups of respective phase. The measured holdup values
from Camera 1 are plotted in solid lines and those from
Camera 2 1n dashed lines.

FIGS. 6a, b, ¢, d ¢ [ g, and & shows a sequence of
tomographic 1mages reconstructed from the passage of a
three-phase slug. Green, red and blue are for gas, oil, and
water as above.

FIG. 7 1s a 3-D tomographic reconstruction of a gas-liquid
interface (green) from the contour plot of a gas volume frac-
tion of 0.8.

FIG. 8 1s a 3-D reconstruction of gas-liquid (green) and o1l
water (red) interfaces from the contour plots of a gas volume
fraction of 0.8 and an o1l volume fraction of 0.3.

FIG. 9a 1s a contour plot for gas on a vertical slice inter-
secting through the pipe centre along the pipe. FIG. 956 shows
contour plot for o1l, and FIG. 9¢ for water.

FIG. 10a shows X-ray, soft or hard, passing vertically
through left, middle and right column or pipe section (in the
middle). The same radiation intensity 1s measured at the sen-
sor for the three situations: in the left column which 1s imag-
ined, gas (upper, green) and o1l (lower, red); 1n the middle
(p1pe section), which may be considered real, the upper, green
1s gas, the middle, red 1s oil, and the lower, blue 1s water; and
in the right column, which again 1s 1magined, upper, green 1s
gas, lower, blue 1s water. A sensor 1s arranged below each
column and the pipe.

FIG. 105 shows, corresponding to FIG. 10a, imagined o1l
and water 1n the left column, gas, o1l and water 1n the maddle,
which 1s the pipe section, and 1imagined gas and water 1n the
right column.

FIG. 11a shows results of using the prior art method of
direct conversion of gas volume fraction, between the top and
bottom of a gas-liquid mixture. The abscissa 1s 1n seconds
from O to 30 s.
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FIG. 115 1llustrates calculated values of gas volume frac-
tion calculated according to the present mvention, between

the top and bottom of a gas-liquid mixture.

FIG. 12a shows a tomographic time sequence of a passing,
three-phase tlow of gas (upper), o1l (middle) and water
(lower) calculated using direct conversion of the prior art, and
FIG. 1256 shows a similar tomographic time sequence calcu-
lated according to the present invention.

FIG. 13a shows a tomographic time sequence calculated
according to the direct conversion method, of a passing three-
phase flow of gas, o1l and water as for FIG. 12a, but wherein
there are slugs of o1l and water passing at irregular intervals.
The abscissa 1s 1 seconds from o to about 225 s. FIG. 135
shows tomographic images calculated on the basis of the
same measurements but using the method of the present
invention.

FI1G. 14 shows vertical and horizontal projection images of
a passing flow calculated according to the present invention.

BRIEF SUMMARY OF THE INVENTION

The invention provides improved calculations of chordal
holdup values of three-phase flow through a volume. In an
embodiment of the mvention 1t provides better estimates of
the chordal holdup values due to utilizing less error-prone
lower and upper bounds to the gas and water holdups calcu-
lated from an imagined two-phase fluid content in the vol-
ume. The invention 1s a method of estimating chordal holdup
values of gas, o1l and water (e, €,, €;,) for tomographic
imaging of a three-phase flow through a volume, comprising
the steps of:
providing one or more X-ray sources arranged for irradi-
ating through said volume and two or more X-ray sen-
sors arranged for discriminating at least partly between
a first and a second or more radiation bands,

irradiating said volume and conducting first and second
calibration measurements (I.°, 1>, 1.,°), (1.7, 1,7,
1,,/) of said first and said second radiation bands of said
X-ray sensors for gas only, o1l only, and water only
present 1n said volume, respectively,

arranging a mixture of two or more fluids of gas, o1l and

water 1n said volume, and
irradiating said volume and conducting X-ray measure-
ments (I°, I'’) in said first and second radiation bands,

while using an established relationship between a function
of holdup values 1(e, €,;) of at least gas and water and
said X-ray measurements (I°, I’) on said mixture in said
first and second radiation bands, searching holdup val-
ues €, €, that minimize said function ot holdup values
(€, €;-) under the constraints of the sum of said holdup
values of gas and water being more than or equal to zero
and less than or equal to one, 1.e. that O<e +e€,,<1.

In an advantageous embodiment of the invention the
method comprises searching said holdup values (e, €,
under further constraints than above. The further constraints
are as follows:

first, said holdup value of gas €.=€.““" as calculated

considering presence of o1l and water 1s larger than or
equal to a holdup value of gas €. calculated consid-
ering presence of o1l only, and less than or equal to a
holdup value of gas € .“" calculated considering pres-

ence of water only, i.e. €. “<e " “"<e ..

Said holdup value of gas € .““" is equal to or more than
zero and less than or equal to one, i.e. O<e . ““"<1.

secondly, said holdup value of water €,,~¢,,““" calculated

considering both the presence of gas and o1l 1s larger

than a holdup value of water €, calculated consider-
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ing presence of o1l only, and less than a holdup value of

water €, © calculated considering presence of gas only,

i.e. €, =€, "=e,,,” . As for gas, said holdup value

of water €, is larger than or equal to zero and less
than or equal to one, i.e. O<e,,,““"<1.
Further embodiments of the invention are given in the

dependent claims.

Embodiments of the Invention

Following the use of the copper filter and above setup, the
operation of the system mainly becomes the use of calibration
data together with measurements of the filtered and unfiltered
signal. FIGS. 3(a)-3(c) show the examples of the calibration
curves for soft and hard beams (lower curve); the vertical axis
corresponds to the grey level. About 1500 pixels 1n the trans-
verse direction lie in the effective shadow area. The invention
1s a method of estimating chordal holdup values of gas, o1l and
water (€, €, €;,) Tor tomographic imaging ot a three-phase
flow through a volume. The method comprises the following
steps:

One or more X-ray sources 1s provided, arranged for 1rra-
diating through the volume and two or more X-ray sen-
sors are arranged for discriminating at least partly
between a first and a second radiation band.

The volume 1s radiated and first and second calibration
measurements (I.°, 15>, 1,,°), (157, 1,7, 1.,/ are con-

ducted of the first and the second radiation bands of the

X-ray sensors for gas only, o1l only, and water only

present 1 the volume, respectively. Such calibration

measurements are 1llustrated 1in FIGS. 3q, b, and c.

A mixture of two or more fluids of gas, o1l and water are
arranged in the volume and 1rradiated, X-ray measure-
ments (I°, I”) of the fluid flow in the first and second
radiation bands are conducted.

The holdup values of are then calculated. While using an
established relationship between a function of holdup
values 1(e, €,;,) of at least gas and water and said X-ray
measurements (I°, I”) on said mixture in said first and

second radiation bands, one searches for holdup values
€., € ;-that minimize the function of holdup values 1(e_.,
€,;-) under the constraints of the sum of the holdup values
of gas and water being more than or equal to zero and
less than or equal to one, 1.¢. that O=e +€,;=1.

In an embodiment of the invention the relationship
between a function of holdup values (e, €;;,) of at least gas
and water and said X-ray measurements on said mixture in

said first and second radiation bands 1s:

_l IS £G 15 l_EG_EW( IS ]Ew_
Ec, £ = — | — — — +

In an advantageous embodiment of the invention the
method comprises searching the holdup values (e, € ;) under
further constraints than above. The further constraints are as
follows:

first, said holdup value of gas e .~€.““" as calculated

considering presence of oil and water 1s larger than or
equal to a holdup value of gas €., calculated consid-
ering presence of o1l only, and less than or equal to a
holdup value of gas €,.,“" calculated considering pres-

ence of water only, i.e. €, “<e " <e 7"

Q
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Said holdup value of gas €.““" is equal to or more than
zero and less than or equal to one, i.e. O<e ““"'<1.

secondly, said holdup value of water €,,—¢ ;<" calculated

considering both the presence of gas and o1l 1s larger

than a holdup value of water €, calculated consider-

ing presence of o1l only, and less than a holdup value of

water € ;- calculated considering presence of gas only,

: Wo GOW WG :
1.e. €, <€, <€, ~.As for gas, said holdup value

of water €,,7“" is larger than or equal to zero and less

than or equal to one, i.e. O=e ;" “"<l1.

The above use of constraints may be explained as follows:
Imagine X-ray, soit or hard, passing vertically through left,
middle and right column of FIG. 10a. The same radiation
intensity 1s measured at the sensor for the three situations: 1in

the left column, gas (upper, green) and o1l (lower, red); in the
middle (pipe section) the upper, green 1s gas, the middle, red
1s o1l, and the lower, blue 1s water; and 1n the nght column
upper, green 1s gas, lower, blue 1s water. A sensor 1s arranged
below each column and the pipe section in the middle. e ,““"
1s shown 1n the middle “column” (section) as an intermediate
between the gas holdup to the left and to the right. The gas
holdup €.““ based on O/G is a lower bound, please see the
left two-phase column, because the attenuating density of o1l
1s less than for water (less than for o1l and water) so less gas
will apparently be present for the same measured radiation
intensity at the sensor.

Further, the gas holdup €.“" based on W/G is an upper
bound for the gas holdup in three-phase, please see right
two-phase column of FIG. 10a, because the attenuating den-
sity of water 1s higher than for o1l (higher than for oil and
water) so more gas will apparently be present for the same
measured radiation 1ntensity at the sensor.

Conversely, please see FIG. 105, a holdup value of water
e~ " is calculated considering presence of gas and oil is
larger than a holdup value of water €,/ calculated consid-
ering presence ol o1l only, please see left column of FIG. 1056
which 1s a lower bound, and less than a holdup value of water
e, C calculated considering presence of gas only, which is
an upper bound, again because gas attenuates radiation less
than oi1l, and the radiation 1imagined under two-phase opera-
tion at the sensors are equal.

If assuming constant attenuation coellicients for gas, oil
and water phases, 1n each energy band, for given X-ray opera-
tion conditions, one can dertve the following formulae to

compute the chordal holdups of phases.

[ log(P11)  log™/1g) | [loglie/lp)  loglig/ig) (1)

Eo = /
“ logti/15) o) | | log(i§y/15)  log(1f 1)
log(IP/12)  log(IM 1) '/' log(Iy/12)  log(Ii /15 (2)
L — —_— —
! log(I3/1%)  log(IHHE)Y | | log(I3/1)  log(1511E)
go=1—-eq—cew (3)

where € -, € , and € ;- are the volume fraction of gas, o1l and
water. I 1s the measured data with subscripts G, O and W for
gas, 01l and water calibration respectively, and superscripts S
and H for measured values from soit and hard beams, respec-
tively. The above equations can then be used for all the beams
from the two cameras to get the chordal holdup values, which
can then be easily integrated to get the total holdup 1n the pipe
cross-section.
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FIG. 11a shows results of using the prior art method of
direct conversion of gas volume fraction.

Using Equations (1-3), phase holdups can be determined
directly based on measured and calibrated values. In general,
this 1s the approach which has been broadly used today for
analyzing data from dual energy gamma densitometers and
X-ray tomography (see Odozi, 2000; Hu et al., 20035). How-
ever, the attenuation coellicients are not constant values 1n
reality, varying with the radiation energy. Error analysis of the
above equations (1 to 3) indicates that the computed holdups
can be significantly affected by a small error in the measured
data. As also found 1n this study, the direct application of the
above expressions can sometimes lead to large errors in the
results, occasionally unreasonable negative holdups being
gIven.

To overcome this hurdle, 1n this study we have developed
the new method, and 1n an embodiment of the method, an
algorithm. After revisiting Equations (1-3) with some re-
arrangements, we can describe the solution as searching the
corresponding holdups that mimimize a function i(e, €;;,) as
follows:

f(SGa EW) —

 SNSGr SLEGTEw 1 S New (4)
=] [= L I
_ (fé] (*’5] (ffv] _

As explained above, in view of physical constraints, one
can deduce that the chordal volume fraction of gas phase 1n
three-phase measurements should not exceed the range
obtained 1n the ‘assumed’ corresponding two-phase system.
Namely, the gas holdup in the presence of o1l and water
phases should be higher than the computed value by assuming
only o1l 1s the liquid phase, and lower than the holdup value
estimated from assuming that only water 1s the liquid phase 1n
the gas-water two-phase expression, please see Eq. (5). Simi-
lar deduction as made above can be derived for water holdup
in that water holdup in three-phase system should be larger
than that computed from o1l-water two-phase expression and
lower than that from gas-water two-phase expression (see
Equations 6-7). In addition, the holdup values should always
be 1n the range of 0-1.

FIG. 115 1llustrates calculated values of gas volume frac-
tion calculated according to the present invention, between
the top and bottom of a gas-liquid mixture, and 1t 1s clear that
the results are far better constrained near 1 for the measure-
ments above the liquid surface, and that all gas volume frac-
tions calculated below the gas/liquid interface are near zero or
zero. We also immediately see that obvious errors in FIG. 11a
appear when the gas holdup value 1s more than one, or less
than zero, which 1s not possible.

Similarly, FIG. 12a shows a tomographic time sequence of
a passing three-phase tlow of gas (upper), o1l (middle) and
water (lower) calculated using direct conversion of the prior
art, and FI1G. 125 shows a similar tomographic time sequence
based on the same data but calculated according to the present
invention’s algorithm. The general horizontal layering appear
clearly from both images, but 1t appears clearly that less
probable structures 1n FIG. 12a such as pockets of gas and o1l
in the water layer, or pockets of oil in the gas layer, are
significantly reduced 1n FI1G. 125 calculated according to the
present 1nvention.

Please notice that lower and upper bounds for gas, and
lower and upper bounds for water are found using the con-
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siderations above, because the density of gas 1s lowest of the
three-phase mixture, and because the density of water 1s the
highest of the components of the three-phase mixture.

The problem then becomes a constrained minimization

problem, 1.e. minimizing Equation (4) with the constraints of 53

Equations (5-7):

GO

€ "%<e =e." and O<e <1

(3)

o

€ Czepmey O and Oge ]

(6)
(7)

For the imagined two-component bounds with gas and o1l
only, and gas and water only, respectively, please ref. FIG.

O=etep=l

10a,
$G0 _ log(I° /1) (8)
log(I2./13)
and

oY log(I° /13
log(1&/ 1y )

and for the imagined two-component bounds with water
and o1l, and gas and water, respectively, please ref. FI1G. 10aq,

WO _ log(13/12) (9)
Wo =
log( iy /I5)
and
WG _ log(I°/1Z;)
We =
log(fiy /12

Please see FIG. 3(a)-3(c) for single phase calibration
curves for gas (a), o1l (b) and water (c), wherein the lower
curves are from hard beams and the upper curves are for soft
beams.

To state the method of the invention using the constraints in
other words, first, we process the data as 11 they came from
three different two phase systems: gas and oi1l, gas and water,
and o1l and water. This gives the constraints,

€. <€, " =<e 7", and O<e <1, and
1Wo GOV |54 & GOV
€, =€, =€, ,andO=e; " =],

Then we expect that the holdup of water and gas, respec-
tively, lie within their appropriate constraints. Then we pro-
cess the data again, as for a three-phase system, subject to the
constraints calculated as 1f the measurements were made
under the three different two-phase systems.

The system can deliver three-phase measurements with a
reasonably good accuracy. The absolute errors for mean hold-
ups are found to be within £3% for gas and 5% for o1l and
water phases.

The chordal holdups values from two cameras are com-
bined to reconstruct the tomographs, providing cross-sec-
tional distribution of phases. The detailed analysis
approaches were described 1n detail 1n the previous studies by
Hu et al. (2005, 2009 and 2010).

In an embodiment of the invention, X-ray sensors arranged
for single-photon counting mode may be used. Such sensors
may be arranged for discriminating between two or more
energy bands and counting them separately. Thus the method
of the mvention as described 1n the independent claim may
include that the first radiation band of the sensors 1s a so-
called “lower” energy band, e.g. conducted with sensors
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arranged for discriminating between photons of lower and
higher energy, and that the second radiation band of the sen-
sors 1s a so-called “high” energy band, ¢.g. that the measure-
ments are conducted with sensors arranged for discriminating
between photons of lower and higher energy, ref. U.S. Pat.
No. 7,829,860 Nygard et al., 2010. Thus the copper filters
described above are not strictly required, and as a result better
energy discrimination may be achieved which may provide
better estimates of the different holdups.

In an embodiment the number of said X-ray sources are
two. The X-ray sources may be more than two. The X-ray
sources may emit in different energy bands so as for providing,
different sensed energy bands. The X-ray sensors may be
arranged 1n an array of width of between one and 560 or more
X-ray pixel sensors and a length of between two and 1500 or
more pixel X-ray sensors, the long direction of the array
arranged transversely on the flow direction of fluids. The first
and the second or more radiation bands are discriminated by
use of one or more {ilters over part of said sensors. The first
and second or more radiation bands may be discriminated by
use ol energy-discriminating pixel sensors. Any combination
of the above embodiments of X-ray sources, the number of
X-ray sources, type ol discriminating sensors may be
employed.

Results and Discussion

The focus of the present invention 1s the development of the
three-phase X-ray tomography system and its potential appli-
cation in multiphase pipeline researches. In what follows, the
results from a three-phase slug flow 1 a 1 degree upward
inclined pipe at U..=1.2 m/s, U.,=0.05 m/s and U,,=0.2
m/s are illustrated. The multifold competences of the current
system 1n providing detailed measurements in large diameter
three-phase flows are discussed.

Projections

The projection views of the flow, captured by the two X-ray
cameras, can give a direct ‘visualization’ of the tlow. FI1G. 4
shows the passage of anumber of slugs and waves through the
measurement location. Aside from the flow pattern, the mix-
ing, distribution and transport process of gas in the slug body
can also be observed 1n some detail. Here, green, red and blue
colours correspond to pure gas, o1l and water phases, respec-
tively. The same colour scheme 1s used for plotting tomo-
graphs.

By integrating the chordal holdups of each phase from F1G.
4, one can also obtain the time traces for the average cross-
sectional holdups of respective phase which 1s given in FIG.
5. The measured holdup values from Camera 1 are plotted as
solid lines and those from Camera 2 as dashed lines. As
shown, the results from two cameras are fairly consistent.
Since the measurements by the two cameras are independent,
the consistency implies the success of the present mnstrument
in three-phase experiments. In contrast to the time traces
typically measured by gamma densitometer, the X-ray sys-
tem can give much more insights 1n the flow structure and
phase distribution even by direct ‘visualisation’ of the flows
from two directions. For example, the difference between
slug and large wave, whose holdup traces could be rather
similar, can be easily distinguished by the projection views.
This will enable very accurate analysis of slug or wave char-
acteristics.

Tomographs

Having acquired the chordal holdups, we can also recon-
struct the tomographs using the algorithm developed previ-
ously by Hu et al. (2005). FIG. 6 shows a sequence of tomo-
graphs for the passage of a three-phase slug, observed at 8
seconds 1 FIG. 4. FIGS. 6a and 6/ refer to the stratified

regions ahead and after the slug, respectively. According to




US 9,291,579 B2

11

FIGS. 66-6g for the slug body, we see that the mixing of
phases 1s predominantly happening on the upper part of the
pipe. Due to the low slug velocity reported here, no severe
mixing of oil-water has been observed and instead, o1l and
water are seen to be separated fairly quickly (see FIG. 6/4).

Reconstruction of Three-Dimensional Interfaces

By combining a sequence of tomographs at different time
(e.g. FIGS. 6a to 6/2), we can also reconstruct the 3D tlow, a
pseudo steady structure as seen by the X-ray C'1. An example
1s 1llustrated i FIG. 7 of reconstructed gas-liquid interface
from the 3D contour plot of the gas volume fraction of 0.8; a
maximum droplet fraction of 0.2 1s assumed at the gas-liquid
boundary. In FIG. 7, three slugs captured between 7-15 sec-
onds are shown. Analogously, the oi1l-water mterface 1s also
plotted trom the contour plot of o1l holdup of 0.5; o1l-water
boundary 1s assumed at o1l holdup of 0.5 (this 1s just a rough
estimate based on the possible phase iversion point). The
structure of oil-water interface in comparison with gas-liquid
interface 1s 1llustrated 1n FIG. 8.

Slice View

Once the flow has been reconstructed 1n three dimensions,
one can obtain information for any slice through the tlow.
FIG. 9 1illustrates three contour plots of gas, o1l and water
phases on the vertical slice through the pipe centre. Note that
FIG. 9 shows the distributions of the phases 1n a space-time
plane; flow 1s evolving as measurements are conducted. Thus
this 1s not a longitudinal 1mage of the entire pipe at one
instant. However, the results are still very useful 1n studying
the mixing of the phases and their distributions.

FIG. 13a shows a tomographic time sequence calculated
according to the direct conversion method, of a passing three-
phase flow of gas, o1l and water as for FIG. 124, but wherein
there are slugs of o1l and water passing at irregular intervals.
The abscissa 1s 1n seconds from o to about 225 s. FIG. 135
shows tomographic images calculated on the basis of the
same measurements but using the method of the present
invention. Prominent features in the calculated images of
FIG. 13a are the apparent o1l at the ceiling wall of the pipe,
and apparent o1l at the bottom wall of the pipe, while those
features are absent from the ceiling and bottom wall of the
pipe as calculated using the present invention. Thus we may
conclude that according to tomographic 1mages calculated
according to the present invention, there 1s no significant
amount ol o1l along the upper wall of the pipe, nor any
significant amount of o1l along the bottom wall of the pipe.
Further, there 1s a clearer distinction with less mixing of oil
and water 1n the lower water zone as calculated with the
present invention, while there still seems to be some water in
the o1l, although less than what 1s calculated using the direct
conversion method of the prior art. All 1n all, the image
calculated according to the invention seems to indicate a far
better separated tlow despite the presence of slugs, but the
overall slug picture remains.

FI1G. 14 shows vertical and horizontal projection images of
a passing tlow calculated according to the present invention.
It will be realized that the highest o1l peaks seen clearly 1n the
horizontal projections are clearly present 1n the entire width
ol the pipe as seen 1n the vertical projection, too, so they are
consistent.

The detail of the tomographic 1images provides an oppor-
tunity to better understand the three-phase flow, and also a
better basis for fiscal calculations.

The present invention calculates three-phase holdup values
using constraints from corresponding calculations on 1mag-
ined two-phase tlows, thus providing upper and lower bounds
tor the lightest and densest components gas and water. The
present method may be extended to calculate more than three
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phases hold-up, for example gas, o1l, water and sand particles
contents 1n a flow of four phases of different densities, and
using bounds calculated from imagined flows of fewer
phases, as a development from the present invention, but the
related similar bounds and constraints are only two, are
obtained for the lightest and the heaviest phase.

The present invention 1s presented for gas, o1l and water,
but would work well with gas, o1l and sand. It would also
work fine for o1l, water and sand.

With the method of the invention one 1s able to achieve a
noise reduction by a factor 5 to 20 or more, please see FIG.
11a compared with FIG. 115 which demonstrates a signifi-
cant noise reduction between the gas holdup values calculated
using prior art and the method of the invention. This applies to
the chordal holdup measurement determined using the algo-
rithm on actual measurements. Absolute errors for mean
holdups are found to be within +/-3% for gas and +/-3% for
o1l and water phases. The definition of absolute error for
holdup 1s simply IHM-HT|, where HM 1s measured holdup,
HT 1s true holdup, both 1n %. True holdup can be known 1n
some cases. For example: holdup may be measured directly

on a static system of liquids and gas; we sometimes make test
measurements on solid “dummies™ which are made to precise
dimensions.

Following previous work, a fast response three-phase
X-ray tomography system has been successfully developed
and tested 1n a large diameter high pressure multiphase pipe-
line at IFE, Norway. The development of the present X-ray
system and 1ts potential application 1n multiphase flow
research, as 1llustrated, have provided us with a valuable tool
to capture the details and gain better 1nsight into complex
three-phase flow behaviour. The quantitative information
obtained from this mstrument can be very helptul in validat-
ing the closures used in CFD simulations and 1D models. Of
particular importance in most o1l industries 1s the understand-
ing of internal flow structures 1n flows with opaque fluids,
such as transport of crude/heavy oi1l, for which conventional
techniques are useless. Such problems are eliminated when
an X-ray C'T system, a non-intrusive mstrument, 1s employed.
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We claim:
1. A method of estimating chordal holdup values of gas, o1l
and water (€., €,, €;,) for tomographic imaging of a three-
phase flow through a volume, comprising:
providing one or more X-ray sources arranged for irradi-
ating through said volume and two or more X-ray sen-
sors arranged for discriminating at least partly between
a first and a second or more radiation bands,

conducting first calibration measurements (I1..°,1,°,1,,°) of
said first radiation band of the X-ray sensors for only
gas, only o1l, and only water present in said volume,
respectively,

conducting second calibration measurements (1.7, 157,

1,,/*) of said second radiation band of the X-ray sensors
for only gas, only oil, and only water present 1n said
volume, respectively,

arranging a mixture of two or more fluids of gas, o1l and

water 1n said volume,
irradiating said volume and conducting X-ray measure-
ments (I°, IY) in said first and second radiation bands,

establishing a relationship between a function of holdup
values 1(e_., €;,,) of at least gas and water and said X-ray
measurements (I°, I) on said mixture in said first and
second radiation bands,

searching holdup values €, €,;-that minimize said function

of holdup values 1{e, €;;,) under the constraints of the
sum of said holdup values of gas and water 1s more than
or equal to zero and less than or equal to one, 1.e. that
O<e +e =<1.

2. The method of claim 1, searching said holdup values (e -,
€ ;-) under the further constraints of

said holdup value of gas e .~¢ . ““" calculated considering

presence of o1l and water 1s larger than or equal to a
holdup value of gas € .7 calculated considering pres-
ence ol o1l only, and less than or equal to a holdup value
of gas €.“" calculated considering presence of water
only, and said holdup value of gas € .““" equal to or
more than zero and less than or equal to one, 1.c.
0=c.““"<1, and

said holdup value of water €,,“" calculated considering

presence of gas and o1l 1s larger than a holdup value of
water €, calculated considering presence of oil only,
and less than a holdup value of water €, “ calculated
considering presence of gas only, and said holdup value
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% more than or equal to zero and less

of water € ,,~¢€,,~

than or equal to one, ie. €."“<e . ““"<e ", and
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3. The method of claim 1, wherein said relationship
between a function of holdup values (e, €;;,) of at least gas

and water and said X-ray measurements on said mixture in
said first and second radiation bands 1s
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4. The method of claim 1, searching holdup values under
the further constraint that the sum of holdup values of gas, o1l
and water equals one, 1.e. € -+€ +€,~1.

5. The method of claim 1, wherein said first radiation band
of the sensors 1s a “soft” energy band, e.g. without low-energy
filtering.

6. The method of claim 5, wherein said second radiation
band of the sensors 1s a “hard” energy band, e.g. with low-
energy filtering.

7. The method according to claim 1, wherein two or more
sets of pairs of X-ray sources with oppositely arranged X-ray
sensors are arranged about said volume.

8. The method according to claim 1, said three-phase tlow
passing through a pipe.

9. The method according to claim 1, wherein said fluids of
gas, o1l and water to be calculated holdup values for are
replaced by the flumids gas, o1l and the solid sand.

10. The method according to claim 1, wherein said fluids of
gas, o1l and water to be calculated holdup values for are
replaced by the fluids o1l, water and the solid sand.

11. The method according to claim 1, wherein the method
1s extended to four different phases such as gas, o1l, water, and
sand, by using two-phase calculated upper and lower bounds
based on the lightest and the densest components, respec-
tively, and solving a relation of three-phase components.

12. The method of claim 1, wherein the number of said

X-ray sources are two.

13. The method of claim 1, wherein said X-ray sensors are
arranged 1n an array of width of between one and 560 or more
X-ray pixel sensors and a length of between two and 1500 or
more pixel X-ray sensors.

14. The method of claim 1, wherein said first and said
second or more radiation bands are discriminated by use of
one or more filters over part of said sensors.

15. The method of claim 1, wherein said first and said
second or more radiation bands are discriminated by use of
energy-discriminating pixel sensors.
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